Abstract Sound dissimilar lap joints were achieved via ultrasonic spot welding (USW), which is a solid-state joining technique. The addition of Sn interlayer during USW effectively blocked the formation of brittle Al 12 Mg 17 intermetallic compound in the Mg-Al dissimilar joints without interlayer, and led to the presence of a distinctive composite-like Sn and Mg 2 Sn eutectic structure in both MgAl and Mg-high strength low alloy (HSLA) steel joints. The lap shear strength of both types of dissimilar joints with a Sn interlayer was significantly higher than that of the corresponding dissimilar joints without interlayer. Failure during the tensile lap shear tests occurred mainly in the mode of cohesive failure in the MgAl dissimilar joints and in the mode of partial cohesive failure and partial nugget pull-out in the Mg-HSLA steel dissimilar joints. Keywords magnesium alloy, ultrasonic spot welding, intermetallic compounds, tin interlayer Various industries, especially automotive and aerospace sectors, have a pressing need for structural components that are lighter, stronger, and stiffer, aiming to increase fuel efficiency and reduce anthropogenic climate-changing and environment-damaging emissions and pollution while guaranteeing safety and durability. Aluminum (Al) and steel have already a wide variety of structural applications in the transportation industry owing to their excellent properties, e.g., good ductility, formability, thermal conductivity. In order to prevent pollution and save energy, 1 ultra-lightweight magnesium (Mg) alloy has increasingly been used in the vehicle fabrication due to its lower density, higher specific stiffness and strength, excellent stability of size and acceptable process ability. 2 The structural application of Mg alloys inevitably involves joining and welding of similar Mg-Mg alloys and dissimilar Mg-Al and Mg-steel. In the auto body manufacturing resistance spot welding (RSW) has been a predominant process. 3, 4 Since the differences in properties among these materials are large, like melting point, electric conductivity, and thermal physical properties, etc., it is fairly challenging to join Mg-Al and Mg-steel. 5, 6 Also, the high-energy consumption and the requirement for frequent electrode maintenance have limited its prevalent application to the Mg-Al alloys. Furthermore, in the welding of dissimilar metals a rapid formation of brittle intermetallic compounds (IMCs) occurs, which can seriously degrade the mechanical properties of welded joints. 3 a)
Recently special attention has been paid to two solid-state welding processes, namely friction stir spot welding (FSSW) and ultrasonic spot welding (USW), because the liquid phase reaction in the fusion zone during RSW can be avoided. Although FSSW has the potential to produce effective welds between dissimilar materials, the relatively long welding cycle (or time) would be a limiting factor for its widespread adoption in the automotive manufacturing. 4 Another solid-state welding technique is USW, and coalescence is produced by USW through a simultaneous application of moderate clamping forces and localized high-frequency vibratory energy. 7, 8 In comparison with FSSW, USW has been shown to have a shorter weld cycle (normally < 0.4 s) and produce high quality joints that are stronger than FSSW when compared on the basis of the same nugget area. 9, 10 Besides, the normal FSSW leaves an exit hole after welding. 11 From the point of view of energy consumption, USW is far more advantageous. For example, welding of aluminum alloys using a USW process consumes only about 0.3 kW·h per 1 000 joints, 4 ,12 compared to 20 kW·h with RSW, and 2 kW·h with FSSW. 4 Our previous studies 13 and other investigations [14] [15] [16] [17] showed that in the joining of dissimilar Mg-Al alloys, the formation of IMCs of Al 12 Mg 17 and Al 3 Mg 2 seems to be unavoidable. Since the mechanical properties of welded joints are closely related to the formation of the brittle intermetallic layer, 18 it is difficult to obtain a strong joint between Mg-Al alloys. In the study of dissimilar Mg-steel joint, Santella et al. 19 and Schneider et al. 20 reported that Mg does not react with steel and the joint can be broken easily by hand. In order to improve the mechanical properties of the Mg-Al and Mg-high strength low alloy (HSLA) steel joints, Chowdhury et al. 21 (FSSW) and Xu et al. 22 (RSW) have tried to weld Mg-Al and Mg-HSLA steel joints, respectively, using adhesive placed in-between the faying surface. However, the application of adhesive is a time consuming process. Some researchers have used Zn as an interlayer between Mg-Al alloys 23, 24 and Mg-HSLA steel 19, 25 for enhancing the mechanical properties of the dissimilar joints. Others, e.g., Liu et al. 26 and Qi and Liu 27 in the tungsten inert gas (TIG) and hybrid laser-TIG welding of Mg-Al alloys, respectively, and Liu et al. 28 in the hybrid laser-TIG welding of Mg-steel, have used Sn as an interlayer and also showed the improvement of the mechanical properties. However, it is unclear how Sn interlayer would affect the microstructure of USWed Mg-Al and Mg-HSLA steel joints, and if the intermetallic layer would form, and whether Sn interlayer would improve the mechanical properties of the joints. This paper was, therefore, aimed to identify the effect of the Sn interlayer on the microstructure and lap shear tensile properties of USWed AZ31B-H24-Al5754-O and AZ31B-H24-HSLA steel. The selection of Sn in the present study was also based on Mg-Sn, Al-Sn, and Fe-Sn binary phase diagrams, [29] [30] [31] which showed that Sn may interact with Mg and generated IMCs, while Sn might be dissolved into Al and Fe to form solid solution of Sn-Al and Sn-Fe. Furthermore, it was selected on the basis of the findings that Sn improved the wettability of Mg, Al, and Fe during the welding process 26, 28 and also refined the grain size in the Mg alloy. 28, 32 Experimental procedure In this paper, thick sheet of commercial AZ31B-H24 Mg alloy in 2 mm (composition: w Al = 3%, w Zn = 1%, w Mn = 0.6%, w Ni = 5 × 10 −5 , w Fe = 5 × 10 −5 , and balance Mg), 1.5 mm thick sheet of Al5754-O Al alloy (w Mg = 3.42%, w Mn = 0.63%, w Sc = 0.23%, w Zr = 0.22%, and balance Al), and 0.8 mm thick sheet of HSLA steel (w C = 0.06%, w Si = 0.227%, w Mn = 0.624%, w P = 0.006%, w S = 0.004%, w Ni = 0.013%, w Cr = 0.041%, w Mo = 0.005%, w Cu = 0.044%, w Al = 0.039%, w Ti = 0.003%, w Nb = 0.021%, and balance Fe) were chosen for the USW. The length and width of specimens were 80 mm and 15 mm, respectively (Fig. 1) . Using 120 emery papers, the faying surfaces of samples were ground and then cleaned with acetone followed by the ethanol and dried prior to welding. A pure Sn interlayer of 50 µm thick was inserted in-between the interfaces of Mg-Al and Mg-HSLA steel samples during welding. The welding was performed with a dual wedge-reed Sonobond-MH2016 HP-USW system. Welding energy ranging from 500 J to 2 500 J, impedance setting of 8, constant power of 2 000 W, and a pressure of 0.41 MPa, were used as welding parameters. With a constant crosshead speed of 1 mm/min at room temperature in the laboratory air, we measure the lap shear failure load through lap shear tests of the welds using a fully computerized united testing machine. Restraining shims were used to minimize the rotation of the welds and maintain the shear loading as long as possible (Fig. 1 ). X-ray diffraction (XRD) was carried out on both matching fracture surfaces of Mg-Al and Mg-HSLA steel sides after tensile shear tests, using CuK α radiation at 40 mA and 45 kV. The diffraction angle (2θ ) at which the X-rays hit the samples varied from 20 • to 100 • with a step size of 0.05 • and 2 s in each step. Microstructural evaluation Microstructural characterization was conducted across the weld line of the samples. Figures 2(a) and 2(b) show microstructures at the center of weld nugget of USWed Mg-Al and Mg-HSLA steel joints without a Sn interlayer, respectively. Sound joints were obtained since no large defects were present, such as crack or tunnel type of defects. It is seen from Fig. 2 (a) that there was a heterogeneously distributed IMC layer between the Mg and Al alloy sheets. In our previous study 6 of USW of Mg-Al alloys without Sn interlayer, the non-uniform IMC layer had a solidified microstructure containing the brittle phase through the eutectic reaction, liquid → Al 12 Mg 17 +Mg. In the USWed Mg-HSLA steel joint, as there was no reaction between Fe and Mg, the interface of AZ31B-H24 and HSLA steel was clear without transitional zone, as shown in Fig. 2(b) . The sections of Mg alloy and steel were in different level in the process of metallographic sample preparation because of a large difference of hardness, indicating by white arrows where some hydroxides were present, which will be confirmed by energy-dispersive X-ray spectroscopy (EDS) analysis later. Figures 2(c) and 2(d) show the welded joints of Mg-Al and Mg-HSLA steel with a Sn interlayer, which could be clearly seen. However, this interlayer was no longer pure Sn interlayer after USW. It became a layer of Sn-Mg 2 Sn eutectic structure, which will be identified in the following sections.
EDS analysis Figure 3 of USWed Mg-HSLA steel with a Sn interlayer, together with the EDS line scan. The chemical compositions (%) at points C (Fig. 3(c) The occurrence of galvanic corrosion was attributed to the large difference between Mg and Fe positioned in the galvanic series. In both Figs. 3(a) and 3(b), the IMC layer displayed a composite-like eutectic structure at the center of the weld nugget, where the Sn-containing fine white particles were distributed homogeneously or as a network in the interlayer. EDS line scan revealed that the intensity of Al was lower than that of Mg in the NZ of the USWed Mg-Al joint ( Fig. 3(a) ), and little or no Fe present in the NZ of USWed Mg-HSLA steel (Fig. 3(b) ). This was due to the higher solubility of Sn in Mg than Sn in Al and Sn in Fe. Therefore, these results in conjunction with the Mg-Sn phase diagram 29 suggested the presence of Mg 2 Sn phase, where the eutectic structure consisting of β -Sn (or Mg-Sn solid solution) and Mg 2 Sn, which would occur at a temperature of as low as 203 • C. 29 In the USW, the simultaneous application of moderate clamping force and localized high-frequency vibratory energy leads to a fast relative motion/rubbing and friction heat at the interfaces 7, 8 between Al-Sn (Mg-Al joint) or Fe-Sn (Mg-HSLA steel joint) and Mg-Sn (in both types of joints), which would cause a potential melting and coalescence of Sn. In the presence of the Sn interlayer in the USW, Al and Sn in the Mg-Al joint, and Fe and Sn in the Mg-HSLA steel joint combine to form solid solutions, while Mg and Sn combine to form eutectic β -Sn and Mg 2 Sn. The Mg 2 Sn phase possesses an antifluorite-type (CaF 2 ) AB 2 crystal structure. It has a melting temperature of 770 • C and a lattice parameter of a = 0.676 nm. 35 It is apparent that the large Mg 2 Sn particles resulted from the eutectic reaction (L → β -Sn + Mg 2 Sn) when the temperature reached the eutectic temperature during USW. The addition of Sn to the lap joint was observed to refine the grain size in the fusion zone and the base Mg alloy 28, 32 due to the presence of a eutectic Mg 2 Sn particles, which restricts the growth of the Mg grains via the Zener pinning pressure (or pinning role). Furthermore, it also improves the wetability of Mg with Al and Fe during the welding process. 26, 28 Thus, the surface tension of the liquid was reduced so that more liquid spreads evenly over the surface of the base metal. X-ray diffraction analysis To further verify above microstructural observations, XRD patterns obtained on both matching fracture surfaces of Mg-Al and Mg-HSLA steel joints after tensile shear tests are shown in Figs 6 i.e., in the mode of "adhesive failure". 36 However, the presence of Mg 2 Sn and Sn eutectic structure on both sides of the fracture surfaces indicated that the failure occurred mainly through the interlayer. This type of failure is referred to as the "cohesive failure" which is a desirable failure mode as it assures the use of more strain energy via the weaker part of the joint. 36 Indeed, failure in the USWed Mg-HSLA steel joint with a Sn interlayer occurred even in the mode of partial nugget pull-out and partial "cohesive failure", giving rise to a higher tensile shear strength which will be seen in the following section. Lap shear tensile strength Figure 5(a) shows that the addition of a Sn interlayer led to an increase in the lap shear strength of both USWed Mg-Al and Mg-HSLA steel dissimilar joints. For example, at a welding energy of 1 000 J (Fig. 5(b) ), the lap shear strength of USWed Mg-Al and Mg-HSLA steel joints was ∼29 MPa and ∼45 MPa, respectively, without the addition of a Sn interlayer, and became ∼41 MPa and ∼54 MPa, respectively, with the addition of a Sn interlayer. This represented an increase of ∼55% and ∼32% in the lap shear strength for USWed Mg-Al and Mg-HSLA steel joints after a Sn interlayer was added during USW. Such a significant increase in the lap shear strength was attributed to the formation of solid solutions of Sn-Al, Sn-Fe, Mg-Fe, and Mg-Sn, and especially the composite-like eutectic structure of Sn and Mg 2 Sn (Figs. 3 and 4) , instead of the brittle IMCs of Al 12 Mg 17 in Mg-Al direct joint 6 and without the interaction of Mg and Fe in Mg-HSLA steel direct joint. 28 In addition, it can be seen from Fig. 5(a) that in the absence of Sn interlayer in the USWed Mg-Al joint, the lap shear strength increased with increasing energy input and reached its maximum at an energy input of 1 250 J and then decreased. In the USWed Mg-HSLA steel joint (without Sn interlayer), the lap shear strength increased with increasing energy up to a welding energy of ∼1 750 J, after which joining was not possible since the tip started to penetrate through the sheets, supposing that it also had the same trend of lap shear strength as that of the USWed Mg-Al joint without Sn interlayer. This phenomenon occurred in both USWed Mg-Al and Mg-HSLA steel joints due to the competition between the increasing diffusion bonding arising from higher temperatures at the higher energy inputs and the deteriorating effect of the brittle intermetallic Al 12 Mg 17 layer of increasing thicknesses. In the presence of Sn interlayer, the lap shear strength of both USWed Mg-Al and Mg-HSLA steel dissimilar joints increased initially with increasing welding energy, reached its peak values, followed by a decrease with further increasing welding energy. Such a change occurred due to the fact that at lower energy inputs the temperature was not high enough to soften or melt the Sn interlayer. On the other hand, at higher energy inputs, the specimen was subjected to higher temperatures at larger vibration amplitudes for a longer time, resulting in more Sn interlayer being squeezed out. As summarized in Fig. 5(b) , it is seen that the USW of similar joints were fairly effective especially for the Mg-Mg joints with a lap shear strength reaching 67 MPa, although the lap shear strength of Al-Al joints made at a welding energy of 1 000 J was lower (∼39 MPa). The lap shear strength of the USWed Mg-Al dissimilar joint without a Sn interlayer USWed Mg-Mg joint. However, the USWed Mg-Al dissimilar joint with a Sn interlayer had a lap shear strength approximately 5% exceeding that of USWed Al-Al similar joint. The lap shear strength of USWed Mg-HSLA steel dissimilar joint without a Sn interlayer was approximately 33% lower than that of the USWed Mg-Mg similar joint, while with the addition of a Sn interlayer it was about only 19% lower than that of the USWed Mg-Mg similar joint. It is of particular interest to observe that, in addition to enhancing the optimum/maximum lap shear strength in both dissimilar joints, the addition of Sn interlayer also led to an energy saving since the optimal welding energy required to achieve the highest strength decreased from ∼1 250 J to ∼1 000 J in the Mg-Al dissimilar joint and from ∼1 750 J to ∼1 500 J in the Mg-HSLA steel dissimilar joint. In addition to the beneficial role of enhancing the lap shear strength in both Mg-Al and Mg-HSLA steel dissimilar joints, the addition of Sn interlayer further led to energy saving since the welding energy required to achieve the maximum lap shear strength decreased from 1 250 J to 1 000 J in the Mg-Al dissimilar joint and from 1 750 J to 1 500 J in the Mg-HSLA steel dissimilar joint.
Conclusions

